INTRODUCTION
Recent awareness of environmental and health issues associated with architectural paints 1 3 has fuelled the drive toward gradual replacement of solvent-based paints, which form the largest segment in the field of architectural paints, by water-based paints 4 . However, water-based paints generally have heterogeneous pigment dispersibility compared to solvent-based paints, leading to inferior paint film leveling. In order to address this issue, agents such as surfactants are added to water-based paints 1, 2 . However, surfactants stabilize the foams generated in paints, resulting in difficulties in the paint manufacturing and painting processes, leading to the need for antifoams 1, 2 .
Antifoams are generally composed of solid particles and oil carriers. For example, wax, hydrophobic silica, and salts of fatty acids are widely used as solid particles, while mineral oils, polyether, and silicone oils are commonly used as oil carriers 1 3, 5 . The antifoaming performance derived from the diffusibility and permeability of these species into foam films is related to the combination between the solid particles and oil carriers 2, 5 .
Antifoams for water-based paints are divided into two categories based on the carriers: silicone-based antifoams and mineral oil-based antifoams 6 . Silicone-based antifoams exhibit excellent antifoaming performance in paints and thus curtail the generation of foam in paint films; however, silicone-based antifoams cause defects in paint films such as fish-eyes due to their heterogeneous dispersibility. In addition, they are more expensive than mineral oil-based antifoams, which limit their application only to costly gloss paints 6, 7 . In contrast, mineral oil-based antifoams exhibit excellent capacity to break foams as soon as they are generated on the films and hardly generate defects in the paint films because of their uniform pigment dispersibility. Moreover, mineral oil-based antifoams are affordable and they are therefore widely used in various paints such as flat paints and semi-gloss paints 6 . However, mineral oil-based
antifoams cannot be applied to gloss paints because they reduce the gloss of paint films. In order to increase the gloss of paint films, it is necessary to decrease reflection light scattering from the surface of the film caused by the film roughness derived from pigments, remaining foams, and marks of ruptured foams. One strategy to reduce unevenness is to decrease the size of the pigment particles, and another is to reduce remaining foams and marks of ruptured foams by the addition of antifoams. However, antifoams in general, significantly reduce the gloss of paint films because they contain hydrophobic Abstract: Water-based architectural paints commonly contain either mineral oil-based or silicone-based antifoams. Mineral oil-based antifoams generally reduce the gloss of paint films; thus, silicone-based antifoams are mainly used in the field of architectural paints. The relationship between the antifoaming performance and the particle size of hydrophobic silica for mineral oil-based antifoams was investigated and a novel mineral oil-based antifoam that provided a glossy surface to the paint films equivalent to the surface obtained with silicone-based antifoams and with excellent antifoaming performance compared to silicone-based antifoams was developed. The novel mineral oil-based antifoam exhibits better performance than silicon-based antifoam, and thus the former is a perfect alternative to the latter for use in architectural paints.
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Hydrophobic silica particles are prepared using surface treatment agents such as silicones and silane coupling agents. The average particle diameter is 2-20 μm. Antifoams containing hydrophobic silica are used as matting agents. Considering the impact of the particle size on the gloss of paint films, reduction of the size of hydrophobic precipitated silica particles could improve the gloss of paint films.
In this paper, we report the development of a novel mineral oil-based antifoam for gloss paints. The relationship between the antifoaming performance and the gloss obtained with hydrophobic silica based on the particle size is also discussed, and we finally demonstrate the usefulness of the mineral oil-based antifoam for gloss paints containing adequately size-controlled hydrophobic silica.
EXPERIMENTAL

Materials
Antifoams
Antifoams were prepared under the conditions listed in Table 1 by using different sizes of hydrophobic silica. The M-value is an indicator of the methanol wettability, and demonstrates the degree of hydrophobicity of the surface of silica particles; this value was defined by measuring the wettability in different concentrations of methanol in methanol/water. A higher M-value indicates higher hydrophobicity of the surface of the silica particles. The M-value of all hydrophobic silica particles was 70; these particles were prepared by surface modification.
Gloss paints
Gloss paints were prepared by mixing the materials listed in Table 2 .
Experimental conditions and Measurements
Antifoaming performance
Gloss paints were mixed for 5 min after adding the antifoams by using a homogenizer High Flex Disperser HG-92G, Taitec Co., Ltd. operating at 1000 rpm. After Table 1 Antifoam composition. Samples used for measuring the particle diameter and the number average particle diameter using a laser diffraction/scattering particle diameter analyzer Partica LA-950, HORIBA Co., Ltd. were prepared by dispersing hydrophobic silica in 2-propanol using an ultrasonic dispersing machine Ultrasonic Processor Model UP400S, Hielscher GmbH & Co., Ltd. .
RESULTS
Optimization of particle size of hydrophobic silica
The relationship between the particle size of hydrophobic silica, antifoaming performance, and gloss value was evaluated by preparing antifoams containing hydrophobic silica with different particle diameters, as shown in Table 1 . The results are shown in Figs. 1 and 2 . Based on Fig. 1 , the best antifoaming performance was achieved when the particle diameter of hydrophobic silica was 0.2 μm. Figure 2 demonstrates that the gloss value increased as the particle diameter of the hydrophobic silica decreased.
Antifoaming performance
The antifoaming performance of Sample A, Comparative Sample 1, and Comparative Sample 2 were contrasted, as shown in Figs. 3 and 4 , where Sample A is a mineral oilbased antifoam prepared with the optimized hydrophobic silica, with the particle diameter of 0.2 μm; Comparative Sample 1 is also a mineral oil-based antifoam prepared with conventional hydrophobic silica, with the particle diameter of 10 μm; and Comparative Sample 2 is a commercially available silicone-based antifoam.
Sample A demonstrated exceptional antifoaming performance compared to the other two samples for all prescribed amounts of the antifoam. Even when the amount of Sample A was reduced to 0.2 wt , the antifoaming performance obtained with this sample was the same as that obtained with 0.3 wt of Comparative Sample 2. Figure 4 shows images of the paint films immediately 0 s , 20 s, and 40 s after painting. Sample A demonstrated outstanding antifoaming performance given that the foam on the paint film disappeared within 20 s. In contrast, Comparative Sample 2 required 40 s for disappearance of the foam. Furthermore, when no antifoam was used, over 40 s was required to break the foam.
Gloss value
The gloss value of the paint films was measured, and the values for Sample A, Comparative Sample 1, and Comparative Sample 2 were compared, as shown in Fig. 5 . The gloss value of Sample A was higher than that of Comparative Sample 1 at all antifoam loadings, and was similar to that of Comparative Sample 2. Therefore, we confirmed that the novel mineral oil-based antifoam provided excellent antifoaming performance and exhibited gloss performance comparable to that of siliconebased antifoams at the same loading. It is thus suggested that the novel antifoam may be a perfect alternative to silicone-based antifoams for gloss paints.
DISCUSSIONS
The theory proposed by Ross 9 12 et al. is generally the most accepted theory for expounding the antifoaming mechanism. There are two steps in the antifoaming mechanism to explain the antifoaming effect: in the first step, the antifoam enters the gas/liquid interface, and in the second step, the antifoam spreads in the foam film. According to Ross et al., given that the change of the interfacial free energy to enter the interface is defined as the entry coefficient E and the change of interfacial free energy to spread the antifoam in the foam film is defined as the spreading coefficient S , the antifoam enters the interface if E 0 and spreads if S 0 10 .
Herein, we evaluated the coefficients, were not changed much by the particle diameter of hydrophobic silica, were 
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mainly depend on the chemical structures and mixing ratio of antifoams. The improvement in the antifoaming performance achieved by Denkov and coworkers 13 was explained in terms of the relationship between the antifoaming performance and the size of the solid particles. They suggested that antifoaming properties were observed when the particle size of hydrophobic silica was larger than the thickness of the foam film. The foam film is defined as either the film formed between air in the foam on the paint film and the atmosphere, or the film formed between air in the oil drop of the antifoam and the atmosphere. The latter definition was adopted in this study. Figure 7 shows a section of the liquid film of the foam containing antifoam on the paint surface, and Fig. 8 shows the enlarged image of the foam film.
Although the thickness of the foam film is continuously changing, the solid particles do not function as antifoams if the particle size is smaller than the thickness of the varying foam film, as shown in Fig. 8 . Conversely, if the particle size exceeds the thickness of the varying foam film, then the solid particles operate as antifoams. In addition, the number of solid particles at a constant antifoam loading changes based on the particle size. It is assumed that if the antifoaming agent contains many solid particles, the particles could more easily enter the foam film, and thereby could more effectively break the foam. As illustrated in Fig.  9 , compared with the antifoam agent on the right that has fewer solid particles, the sample on the left has more solid particles, which are able to more easily enter the foam film.
Consequently, there should be an optimal size of the solid particles for maximizing the antifoaming performance. The present analysis of the breaking time demonstrated that the optimal silica particle size was 0.2 μm. In addition, the gloss value was optimized when the size of the silica particles was less than 0.2 μm. Therefore, we concluded that the most suitable particle diameter of hydrophobic silica as an antifoam for the foam film of gloss paints was 0.2 μm.
CONCLUSIONS
A superior mineral oil-based antifoam was successfully prepared by optimizing the particle size of hydrophobic silica. The antifoam exhibited excellent antifoaming performance and a high gloss value compared to common mineral oil-based antifoams. The developed antifoam also exhibited better antifoaming performance than common siliconebased antifoams. Furthermore, films of paints containing the antifoam achieved the same gloss value as those employing common silicone-based antifoams. Based on these performances, the antifoams may also be applied to detergents and resins in which silicone-based antifoams are generally used.
Intensive studies on deeply mineral oil-based antifoams are on-going with the intent of developing antifoams for architectural paints.
